The degradation of nineteen low-molecular-weight phenolates, polyalcohols and selected aliphatic and aromatic carboxylates of relevance to the Bayer process has been studied in 6 mol kg -1 NaOH(aq) at 90 °C for up to 36 d, and (for some species) at 180 °C for up to 12 d, using HPLC and 13 C-NMR spectroscopy. Aliphatic polyalcohols degraded readily at 90 °C to lactate, oxalate, acetate, and formate. As observed previously, aliphatic carboxylates with hydroxyl groups also degraded readily at 90 °C but there is evidence that the position of the hydroxyl group may be important. The observed degradation products for most, but not all, of these species can be explained in terms of well-known organic reaction mechanisms. Phenolate adn 5-hydroxyisophthalate were stable at 180 °C but other phenolic species degraded partially at 90 °C. However, the reaction products could not be identified and no trends in reactivity were discernible. Consistent with previous studies both aliphatic and aromatic carboxylates without hydroxyl groups were generally stable in NaOH(aq) even at 180 °C.
Introduction
It is widely recognised in the alumina-refining industry that the presence of even relatively small amounts of organic matter in bauxite ores can result in quite high levels of organic species accumulating in Bayer process solutions. Australian bauxites, for example, which typically have total organic carbon (TOC) levels of 0.05-0.5 wt.-% (Whelan et al., 2003) can produce TOC concentrations as high as 40 g/L in
Bayer plant liquors (Grocott and Rosenberg, 1988) . The organic matter in bauxite ores occurs mainly in the form of high-molecular-weight biopolymers such as humic substances, cellulose, and lignin. The extraction and degradation of this material during the high temperature caustic digestion step in the Bayer process produces a plethora of low-molecular-weight (LMW) organic species (Power and Loh, 2010) .
These are mainly aliphatic and aromatic carboxylates (Lever, 1978; Guthrie et al., 1984; Whelan et al., 2003) , but there are also sugars, polyalcohols, and saturated hydrocarbons (Ellis et al., 2002) . Some of these degradation products are gibbsite precipitation poisons (Grocott and Rosenberg, 1988; Power and Tichbon, 1990) , some have other detrimental effects on plant efficiency or product quality (Atkins and Grocott, 1988) , and still others produce potentially hazardous volatiles such as H 2 (Brown, 1989; Arnswald et al., 1991) , CH 4 , acetaldehyde, and methylethylketone (Coffey and Ioppolo-Armanios, 2004) . The effects of these degradation products are often exacerbated by their accumulation due to the routine recycling of process
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liquors (Grocott, 1988; Atkins and Grocott, 1988) .
While some qualitative information is available regarding the identity of the organic species present in Bayer liquors (BLs), it is only recently that studies on the reactivity and possible degradation mechanisms of specific substances have appeared in the open literature (Tardio et al., 2004a; Loh et al., 2008a,b; Machold et al., 2009 ). An ionic reaction mechanism (Loh et al., 2008a; 2010) that involves base-catalysed oxidation by water qualitatively accounts for the formation of a number of liquorstable components such as acetate and oxalate, as well as H 2 (g). The applicability of this mechanism to the degradation of a number of known gibbsite yield inhibitors was demonstrated by Loh et al. (2008a; 2010) . A further study of a wide range of LMW carboxylates (Machold et al., 2009) showed that this mechanism accounted well for the degradation of many hydroxylated aliphatic carboxylates which are structurally related to gibbsite yield inhibitors. That investigation also revealed that both aliphatic and aromatic carboxylates with hydroxyl substituents generally degraded much more readily in hot concentrated NaOH(aq) than species lacking such substituents.
The present paper reports the behaviour in hot concentrated caustic solution of representative polyalcohols and phenolates as well as some additional carboxylates.
Nineteen organic species were selected for study on the basis of their known or potential relevance to Bayer liquors, as shown in Table 1. 2. Experimental
Overall procedure
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All substrates were of analytical grade, purchased from Sigma-Aldrich (USA), Acros (USA), Univar (Australia), or TCI (Japan), and were used as received. Their degradation behaviour was examined in 6 m (mol kg -1 ) NaOH(aq) solution. Oxygen was rigorously excluded throughout, as described previously (Machold et al., 2009), because it can have a significant effect on the rates and mechanisms of organic degradations in concentrated alkaline solutions (Loh et al., 2008a,b) . The aluminium species present in plant Bayer liquors were not included in the test solutions as experiments in the presence of gibbsite showed no differences in degradation products observed and no catalytic effect of the alumina species.
Reactions at 90 ºC were conducted for up to 36 d using the apparatus and procedures detailed previously (Machold et al., 2009 ). Samples were removed from the reaction vessels after 12, 24, and 36 d then analysed by NMR spectroscopy and HPLC.
Reactions at 180 ºC were performed in a 2 L Monel autoclave (Parr, USA) containing approximately 1 kg of reaction mixture. Unless otherwise specified, samples were taken for analysis after 12 d. The temperature of the autoclave was controlled to ± 2.0 ºC using a Parr temperature controller and thermocouple. All solutions were vacuumfiltered through a PTFE membrane (0.45 μm pore diameter, Pall, USA) immediately prior to transfer to the autoclave. The autoclave and its contents were then purged with N 2 prior to heating. Compounds that degraded at 90 ºC were presumed to react similarly at higher temperatures and were therefore not tested at 180 ºC. No significant differences in reaction products or rates were detected between duplicate runs on the same species.
HPLC analysis
A C C E P T E D M A N U S C R I P T Deuterated solvents were purchased from Sigma-Aldrich.
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Results and Discussion
Where possible, the identities of degradation products were verified by comparison with standards for HPLC retention times (Table 3 ) and 13 C-NMR spectra ( Table 2 ).
The observed stabilities of the species studied in 6 m NaOH(aq) are summarised in C-NMR spectra, no decrease in their relative HPLC peak area, and no appearance of significant new HPLC peaks.
Reactions of aliphatic compounds
The most common degradation products observed for aliphatic species were oxalate and acetate (Table 5 ). All decomposing aliphatic species produced the former but
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acetate was observed only from fumarate, citrate, and the polyalcohols D-glucitol and D-mannitol. The polyalcohols also produced formate and lactate. It is noteworthy that at 90 °C none of the reacting aliphatic species was completely consumed, even after 36 d, indicating rather slow degradation in 6 m NaOH(aq) at this temperature.
The present results accord with previous observations (Machold et al., 2009; Loh et al., 2008a Loh et al., ,b, 2010 ) that LMW carboxylates with hydroxyl substituents tend to degrade readily in hot concentrated NaOH(aq). Ionic mechanisms based on well-known organic reactions and base catalysed oxidation by water (Loh et al 2008b (Loh et al , 2010 can account for most of the observed degradation products. Consider, for example, the formation of oxalate (the only degradation product observed in solution, Table 5 water as described by Loh et al (2008b Loh et al ( , 2010 . The present experimental set up did not permit detection of vapour-phase products but it can be noted that Costine et al. (2010) detected H 2 during the decomposition of the structurally-related tartrate ion in hot NaOH(aq). Parallel work in our laboratories, which will be reported elsewhere,
has confirmed the formation of hydrogen from other hydroxyl-carboxylates such as malate.
The conversion of citrate to oxalate and acetate (as the only products detected in solution) can be accounted for in a similar manner (Figure 2 ). Again the process can be thought of as being initiated by deprotonation of the aliphatic hydroxyl group. This is followed by a retro-aldol condensation, leading to the formation of enolate (3) Figure 3 . In contrast, while oxidative cleavage of the C=C double bond of fumarate might occur under the present reaction conditions, it would produce only oxalate. While we did suggest that oxalate
and acetate might be formed directly from fumarate (Machold et al., 2009 ) it is difficult to envisage a plausible mechanism for such a reaction. It seems more likely, therefore, that these two products are formed from the malate present in the reaction mixture.
At first glance it may appear that benzilate should be classified as an aromatic compound. However, it is the position of the hydroxy and carboxyl groups that is important in the current context. In benzilate both are located on the aliphatic portion of the molecule that links the two phenyl groups. Hence benzilate has been classified as an aliphatic compound, whereas 3-hydroxy benzoate (Table 2 ) is considered to be an aromatic compound. On the basis of its hydroxyl group, benzilate (Table 2 ) was expected to degrade at 90 °C but was instead found to be stable. This lack of reactivity is probably because the hydroxyl group is in an α-position relative to the carboxylate group. Such an arrangement precludes the retro-aldol reaction, which is possible for citrate ( Figure 2 ) and malate ( Figure 3 ) where hydroxyl groups are in β-positions relative to carboxylate moieties. The unexpected stability of benzilate suggests that the presence of a hydroxyl group does not always confer reactivity and the position of these groups relative to carboxylate groups is a factor. It is noteworthy that glycolate ( Figure 1 , Table 2 ) also has the hydroxyl group in an α-position relative to the carboxylate group but it is unstable. The difference in reactivity between benzilate and glycolate may be accounted for on the basis of leaving group ability.
The C2 hydrogen atoms of glycolate can be eliminated as hydride ions (Figure 1 ) but under the same conditions the C2 phenyl groups of benzilate are not eliminated.
In contrast with benzilate, tricarballylate (Table 2) might have been expected, due to
its lack of hydroxyl groups, to be stable in 6 m NaOH(aq) at 90 ºC; instead it was found to be degraded to oxalate (Table 4) . This reactivity may be attributed to the presence of acidic hydrogen atoms (at C2 and C3) adjacent to carboxylate groups.
Oxidative cleavage of the C2-C3 bond in tricarballylate looks plausible since it would yield three equivalents of oxalate, which was the only degradant detected in solution (Table 5 ). Further experimental work would be required to elucidate the precise mode of degradation of tricarballylate.
Both the epimeric polyalcohols D-glucitol and D-mannitol produced lactate, oxalate, acetate and formate in 6 m NaOH(aq) at 90 °C. The reactivity of the polyalcohols is attributed to the presence of multiple hydroxyl groups. With the exception of lactate, all these species have been reported previously as degradation products from these parent compounds under various reaction conditions (Loh et al., 2008a (Loh et al., , 2010 . A mechanism for the decomposition of the polyalcohol threitol in NaOH(aq) has been proposed by Loh et al. (2010) , which can be applied to D-glucitol and D-mannitol to explain their degradation to formate and oxalate. However, further investigation will be required to account for the concomitant production of lactate and acetate.
Amongst the limited number of aliphatic species studied at 180 °C (Table 4) , only propanoate was found to be stable. This stability is consistent with that observed for other non-hydroxylated aliphatic carboxylates containing less than five carbon atoms (Tardio et al., 2004b; Xiao et al., 2007; Machold et al., 2009 ) and implies that propanoate might be a degradation product of larger organic species. Propanoate has indeed been reported to be present in industrial Bayer liquors (Guthrie et al., 1984; Baker et al., 1995; Xiao et al., 2007) although it has not been detected in our studies.
Reactions of aromatic compounds
While the presence of hydroxyl substituents in aliphatic species, with the exception of benzilate (see above), favours reactivity in NaOH(aq), no such uniform effect was observed for hydroxylated aromatics. Thus resorcinate, 2,4-dimethylphenolate, 3-hydroxybenzoate and vanillate degraded in NaOH(aq) at 90 °C whereas phenolate and 5-hydroxyisophthalate were stable even at 180 °C (Table 4) . Nor was there any obvious correlation between the hydroxyl substitution pattern and reactivity. For example, 3-hydroxybenzoate degraded in 6 m NaOH(aq) at 90 °C (Table 4) as did 2-hydroxybenzoate (salicylate) but 4-hydroxybenzoate was stable at this temperature (Machold et al., 2009) . Similarly, neither the presence nor the position of other substituents on the various phenolates studied was related to reactivity in any obvious way (Table 4) . While lower reactivity in hydroxylated aromatics must at least in part be attributable to resonance stabilisation of the deprotonated hydroxyl moiety (i.e., the phenolate anion), this does not explain the observed differences. It is noteworthy that phenolate, which was previously reported (Machold et al., 2009 ) as a decomposition product of phenolic carboxylates in NaOH(aq), has been confirmed here to be unreactive up to 180 o C (Table 4 ).
All investigated aromatic anions possessing only carboxylate substituents were found to be stable in 6 m NaOH(aq) at 90 °C (Table 4 ) regardless of whether they were single ring (furanoate, trimellitate, pyromellitate) or fused ring (1-naphthoate and 9-anthroate). Three of the five species were studied at 180 o C (Table 4) only the heterocyclic 2-furanoate was reactive. The relative stability of LMW aromatics under
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Bayer process conditions has been reported by others. In particular, Lever (1978) showed that in industrial BLs the percentage of aromatic carboxylates relative to all detectable LMW organics was 55 % in a low temperature (135 °C) plant liquor but 81 % in a high temperature (240 °C) one; the corresponding values for aliphatic carboxylates were 31 and 7 %, respectively.
Identification of the degradation products of the present aromatic anions was problematic. Where decomposition occurred, HPLC analysis of the reaction mixtures decreases in the peak area of the parent compounds (Table 4) . Such decreases were accompanied by the appearance of numerous small peaks attributable to degradation products. The retention times of these small degradant peaks were shorter than those of the parent compounds suggesting the former were more polar. The UV-Vis spectra recorded at these HPLC peaks indicated that the degradants contained conjugated moieties (λ max ≈ 240-380 nm). Unfortunately,
13
C-NMR spectra of the same solutions only showed signals for the parent compounds, which reflects the poor sensitivity of this technique relative to UV-Vis spectroscopy. Since the reaction products could not be identified, no degradation pathways are proposed for the aromatic compounds studied.
Concluding remarks
The present results for the interaction of nineteen organic species with hot concentrated NaOH(aq) extend the breadth of our previous observations (Machold et al., 2009) , by covering polyalcohols and phenolates as well as additional aliphatic and aromatic carboxylates. This work confirms that both aliphatic and aromatic
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carboxylates with hydroxyl groups tend to degrade in NaOH(aq) even at 90 °C but also provides evidence that the hydroxyl substituent position can be important.
Species without hydroxyl substituents tend to be stable up to 180 °C on a long time scale. Oxalate, acetate, and formate, which are known constituents of industrial Bayer liquors, are confirmed as the major degradation products of the reacting organics although lactate was also detected in some cases. The formation of oxalate and acetate from the hydroxylated aliphatic carboxylates can be explained in terms of well-known organic reaction mechanisms but further investigation is required to account for the formation of formate and lactate. Consistent with Bayer industry experience, aromatic species appear to be less reactive than aliphatics but the reaction pathways and
products are yet to be identified. Could not be determined using UV/Vis detection. No quantification possible due to unresolved HPLC peaks. Listed in order of decreasing molar mass
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Research highlights
• The behaviour of nineteen phenolates, polyalchohols and carboxylates in hot concentrated NaOH(aq) is reported and reaction products partially characterised.
• Lactate has been detected from the degradation of polyalcohols, in addition to the known products acetate, oxalate, and formate.
• Previously reported features of the reactivity of organic species in NaOH(aq) such as the stablility of unsubstituted carboxylates, the reactivity of hydroxylated species, and the relative stability of aromatic species have been confirmed. It is suggested that the reactivity of compounds is related to the position of the hydroxyl substituent and the type of leaving group present.
